The results on synthesis, crystal structure determination and calculation of crystallochemical parameters of YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) perovskites are presented in this work. The compounds within this series were synthesized by solution combustion method using two different fuels: urea and citric acid. It was found that iron-containing perovskites, obtained by citric acid as a fuel are of better quality and crystallinity. All the compounds crystallize in Pnma space group with Z = 4. According to the structure and the calculated crystallochemical parameters, the coordination number of Y 3+ in these perovskites is 8. The unit cell parameter relationship is of O−type suggesting that the main reason for distortion of ideal perovskite structure is the octahedral tilting. The deformation of the octahedrons, as well as the tilting angles, are increasing with the increasing content of Fe 3+ but the calculated global instability indices (GII) show that the stability of the perovskite structure is increasing with increasing of the Fe 3+ content.
Introduction
The perovskite type structure is one of the most important structural classes among materials due to their important and specific physical and chemical properties. Thus, depending on the composition and structure, the perovskites could exhibit ferroelectricity, piezoelectricity, conducting property ranging from insulators to superconductivity, colossal magnetoresistance, giant magnetoresistance, etc. Their high thermal stability makes them appropriate also for use as catalyst in a number of catalytic processes. [1] [2] [3] The ideal structure of perovskites (ABX 3 ) is cubic (Pm3m) consisting of three-dimensional network of regular corner-linked BX 6 octahedra, the B cations being at the centres of these octahedra and the A cations are located at the centre of the dodecahedral cavities. 4 Despite the simplicity of the original perovskite crystal structure, this family of compounds shows an enormous variety of structural modifications and variants. Thus, the perovskite structure could adopt different A and B * For correspondence cations and anions, but typically A corresponds to lanthanides, actinides, alkaline or alkaline earth metals; B generally corresponds to transition metals and X in most cases is oxygen. Furthermore, in a so-called complex or double perovskites, the A and B-positions could be occupied with two or more different cations. Depending on the types of the ions in the perovskite structure, many different types of distortions can occur from the ideal structure. These include tilting of the octahedra, displacement of the cations from the centres of coordination polyhedra, and Jahn-Teller distortion of the octahedra. In most cases, the physical properties of perovskites that are important for their applications strongly depend on the composition and the details of these distortions.
In recent years, there is a growing interest of rare earth cobaltites partially substituted with other transition metals in B-position. This is mainly due to their interesting electronic and magnetic properties, which results in the possibility of spin-state changes of Co 3+ ions. [5] [6] [7] [8] Thus, it was found that Co 3+ ion could undergo temperature driven spin-state changes from low-spin (t ), or it could exist in mixed spin state. 5, 9 It should also be pointed out that the obtained structural phase and particle size of perovskites depend on their synthesis, so numerous pathways towards new structures have been developed.
Taking these findings into consideration, and continuing our work on complex perovskites, [10] [11] [12] in this study, different synthetic routes and detailed structural investigation of new complex perovskites of general formula YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) are presented. Our interest was focused on these perovskites mainly as a result of interesting properties of the well-known simple perovskites, YCoO 3 and YFeO 3 . Namely, YFeO 3 was widely studied for its magnetic and magneto-optical properties and the possibility for use in catalysis, in gas sensors and monitoring applications. 13 Also, doped YCoO 3 have attracted great attention over the last several decades due to their potentially technological applications in many fields such as thermoelectricity, 14, 15 oxygen-permeable ceramic membranes (OPCMs), 16 oxygen electrode catalysts in aqueous alkaline solution batteries, 17 gas sensors, 18 cathode for solid oxide fuel cells (SOFCs), 19 etc. According to the literature data, the end members of the studied series, YCoO 3 and YFeO 3 , may be synthesized using different methods. The most frequently used method for synthesis of cobalt-containing perovskite is solid state synthesis [20] [21] [22] [23] [24] often performed in oxygen atmosphere or under higher pressures. [21] [22] [23] Another method used for the preparation of YCoO 3 is the sol-gel method. 25 Unlike YCoO 3 , it is very hard to obtain YFeO 3 by conventional solid-state methods of synthesis. Namely, the study of the phase diagram of Y 2 O 3 -Fe 2 O 3 system showed that the formation of compound with garnet structure, Y 3 Fe 5 O 12 (Y-Fe garnet) is more favourable. 26 As a consequence, a number of soft-chemistry methods were used to obtain the perovskite phase. For example, YFeO 3 was synthesized using sol-gel method, [26] [27] [28] [29] solution combustion method with glycine, sucrose or citric acid as fuels, 30 ,31 via complex precursors, 13 coprecipitation 32 or microwave heating. 33 This perovskite may also be obtained as monocrystal. 34, 35 It should be emphasized that crystal structure of YFeO 3 heavily depends on the method of synthesis and sintering. For example, hexagonal YFeO 3 may be obtained by decomposition of complex precursors followed by heat treatment at low temperature. 13 Hexagonal phase was also obtained using the solution combustion method with glycine or citric acid as fuels. 30, 31 Detailed investigations on the solution combustion synthesis using glycine as a fuel pointed out that mainly two factors influence the structure of YFeO 3 . First factor is the ratio between the glycine and the nitrate ions. The lower ratio (∼1.3) leads to formation of perovskite with hexagonal structure while higher ratio (>1.5) to orthorhombic structure. 30 The second factor is the temperature of combustion. It was found that if the combustion is performed at lower temperatures or if lower temperatures of additional heating are applied, the compound with hexagonal structure may be obtained. 31 In order to investigate the influence of the fuel on the solution combustion synthesis of YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) perovskites, in this study solution combustion method was applied using urea or citric acid as fuels. Also, detailed crystal structure determination of the new complex perovskites and the calculated crystallochemical parameters are discussed below.
Experimental
For synthesis of YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) by solution combustion method, two different fuels were used: citric acid or urea. The starting solutions in all synthesis were prepared by dissolving metal nitrates (Y(NO 3 ) 3 ·6H 2 O, Co(NO 3 ) 2 ·6H 2 O and Fe(NO 3 ) 3 ·9H 2 O) in a small amount of water. The quantity of the fuel was calculated using the oxidizer/fuel ratio and in all syntheses it was set to 1.
When urea was used as a fuel, it was dissolved in diluted nitric acid (1:1), the solution was slowly added to the water solution of metal nitrates and then slowly heated in a muffle furnace up to ∼500
• C. After the evaporation of the water the fuel initiated and a self propagated combustion reaction took place resulting in formation of spongy powders.
In the case when citric acid was used as a fuel, the citric acid was dissolved in small quantity of water and was slowly added to the solution containing metal nitrates. According to some literature data 36 regarding the solution combustion synthesis of similar compounds, the synthesis is more successful if the pH of the initial solution is 7 or above. In order to perform the synthesis in neutral solution, the pH of the initial reaction mixture was adjusted with addition of NH 4 OH. The as-prepared solutions were heated on magnetic stirrer at temperature of 80
• C. After the evaporation of the water (almost completely) the container was transferred on a hot plate preheated at ∼300
• C, and vigorous combustion reaction started evolving large amount of gases.
The obtained powders, both with urea or citric acid as a fuel, were additionally heated for 4 h at 800
• C, yielding perovskites. However, since all synthesized complex perovskites using citric acid contained small amount of Y 2 O 3 , they were washed with diluted HCl (c = 1 mol/dm 3 ). After washing and filtration, the samples were dried and additionally heated for 6 h at 950
• C. The crystallinity, purity and crystal structure of the obtained perovskites were studied by powder Xray diffraction. The diffractograms were recorded on Bruker D8 Advance with Cu Kα radiation and SOL-X detector within the range 10−120
• 2θ at room temperature with step-scanning of 0.02
• . The refinements of the crystal structures were performed using the Rietveld method and program package FullProf. 37 Several profile parameters such as background, scale factor, zero shift, two asymmetry parameters and for some samples (YCo 0,67 Fe 0,33 O 3 and YCo 0,5 Fe 0,5 O 3 ) the preferred orientation, were included during the crystal structure refinement.
Results and Discussion

Synthesis
As previously stated, in this study YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) perovskites were obtained using two different fuels. In both cases, perovskites with same structure were obtained but the purity and the degree of crystallinity was different, so the influence of the fuel on the synthesis of these perovskite materials is obvious.
The XRD patterns (figure 1a) of the iron containing perovskites obtained with urea as a fuel clearly show that these perovskites were not well crystalline and contained impurities mainly from Y 2 O 3 (For clarity, only the XRD patterns of YCo 0.5 Fe 0.5 O 3 are presented). The additional heat treatment (6 h at 900
• C and 7 h • C.
at 1000
• C) did not improve their characteristics (figure 1b). On the other hand, YCoO 3 obtained by the same synthetic route (urea as a fuel) was of satisfactory purity and crystallinity (figure 2a). However, further heating (6 h at 800
• C; 6 h at 900
• C and 5 h at 1000
• C) of this perovskite was performed in order to obtain sample suitable for crystal structure refinement.
The XRD-patterns of the perovskites synthesized using citric acid as a fuel, showed that this fuel would be preferable choice in synthesis of iron containing members of this series (YCo 1−x Fe x O 3 , x = 0.33; 0.5; 0.67 and 1). Namely, the purity and the crystallinity of perovskites obtained using citric acid are better in comparison when using urea. It is important to notice that YCoO 3 was not obtained when citric acid was used as a fuel (figure 2b). Namely, after the heat treatment at 800
• C only mixture of oxides (Y 2 O 3 and Co 3 O 4 ) was obtained (figure 2b).
In aim to study the process of forming complex (Co/Fe) perovskites and YFeO 3 , the XRD patterns of all stages of the combustion synthesis by citric acid were recorded, but for better clarity, only the patterns of YCo 0.67 Fe 0.33 O 3 are presented (figure 3). After heating of the amorphous precursor samples for 4 h at 800
• C, a mixture of perovskite phase and small amount of Y 2 O 3 (Y 2 O 3 , ICDD card #41−1105) was obtained for all samples except for YFeO 3 , which was obtained as a pure (figure 3a). The impurities of Y 2 O 3 were eliminated by washing the samples with diluted HCl and drying afterwards. The XRD patterns of dried samples (figure 3b) showed that the impurities were successfully eliminated. However, in order to obtain powders with better crystallinity, the samples were heated again for 6 h at 950
• C, and such obtained perovskites were further used in structural investigations (figure 3c). The results of the synthesis of YCo 1−x Fe x O 3 perovskite series, clearly show that the influence of the fuel is mainly connected with the type of the B-cation. Although both Fe 3+ and Co 3+ are hard acids and O 2− is considered as a hard base the affinity of Fe 3+ towards citric acid is very strong. This is probably due to, not just the formation of monoiron dicitrate, but also of formation of binuclear and trinuclear oligomeric complexes. 38 
Crystal structure
The crystal structures of YCoO 3 and YFeO 3 (end members of the series) have already been refined 24,34 but they are included in this analysis in order to track the structural changes arisen with mutual substitution of Fe and Co. According to the literature data 24 YCoO 3 is of orthorhombic structure, space group Pnma (Z = 4). The other end member of the series, YFeO 3 , could be hexagonal 30, 31 or orthorhombic. 27, 31, 34, 35 Unlike the metastable hexagonal phase, the orthorhombic phase (isomorphous with the other members of LnFeO 3 series which are of GdFeO 3 structural type), is thermodynamically stable. Also, the study of crystal structure on monocrystal samples revealed orthorhombic structure. 34, 35 As it was previously mentioned, there is no literature data about the crystal structure of the complex perovskites obtained with partial substitution of Co with Fe. Therefore, their structures will be thoroughly discussed here.
The that all members of the series are orthorhombic and the refinement of the crystal structure of all compounds was performed within the space group Pnma. The accordance between the experimental and calculated structures was verified by the Rietveld plot ( figure 5 ).
The unit cell parameters, fractional atomic coordinates and isotropic temperature factors of YCo 1−x Fe x O 3 series are given in table 1. The calculated unit cell parameters (table 1) 4 This relation points out that the main reason for deviation from the ideal perovskite structure is the tilting of the octahedra, which is of a + b − b − type, according to the Glazer's classification. 39 The values of the unit cell parameters were used to calculate several distortion indices. Thus spontaneous strain (s), 40 which is an indicator for discrepancy of the orthorhombic perovskite from ideal cubic symmetry, was calculated by equation 1
Another distortion index was cell distortion (d) 41 calculated according the equation 2
(2) where a p is aristotype cubic lattice parameter calculated by (3)
Finally, an orthorhombic distortion (dist orth ) 42 was calculated by equation 4
where, a i = a, c and b/ √ 2 and a is average from the values of a i .
It may be noticed ( figure 6 ) that their values are increasing with increasing of the iron content, which means that YFeO 3 has the most distorted unit cell in the studied series.
The calculated distances and angles of the perovskites within this series are given in table 2. In table 3 (8) other important crystallographic parameters calculated from the fractional atomic coordinates, are presented. The analysis of some selected distances (table 2) (table 3) were calculated. The deformation index is used to evaluate the distortion of the coordination polyhedron and is calculated by the equation:
where, r i is the particular bond distance; r is the average value of the bond distances and n is the number of bonds in the polyhedron. In regular polyhedrons the value of is close to 0. Taking into account the values of the studied series it may be noticed that the polyhedron Table 3 . Distortion indices, , observed tolerance factors, t o , and global instability index, GII, of the YCo 1−x Fe x O 3 (x = 0, 0.33; 0.5; 0.67 and 1) perovskites. 8 12 6 t o (6) t o (7) GII According to the literature data, 34, 35 the mean value of the iron-oxygen distances in YFeO 3 is similar to the one in yttrium-iron garnet structures (2.00 Å). The average Fe−O distance in this study is also very close to 2.00 Å (precisely it is 2.012 Å). This fact suggested that the average Fe 3+ −O 2− distance in YFeO 3 is independent of the distortion of the perovskite lattice. In complex perovskites, however, the obtained B−O distances are shorter due to mutual substitution of Fe 3+ with smaller Co 3+ ions. In average, this results in distortion of the BO 6 octahedrons. The estimation of the octahedral distortion is given by the calculated 6 index (table 3) .
The increasing of distortion of MO 6 octahedron is followed by increasing of the tilt angles ( figure 7) . The values of tilt angles may be calculated on the basis of B−O−B (<Co/Fe−O1,2−Co/Fe>) angles
or using the relative atomic coordinates:
cos Φ = cos θ cos ϕ (10) where u, v and w are the displacement of the atomic coordinates from the positions in the ideal cubic structure.
As it can be seen ( figure 7 ) the tilt angles are increasing with increase of the content of iron in the compound. The increase of the tilting angles of the octahedra is reflected in deviation of B-O1-B and B-O2-B angles from 180
• -the value characteristic for the ideal cubic structure. These values are suggesting less overlap of Co/Fe-3d orbitals with O-2p orbitals. The typical geometry of the particular orthorhombic tilted structure of this series is presented on figure 8 .
This trend is also in accordance with the calculated values for the so-called observed tolerance factor, t o , calculated by the equation given by Sasaki et al:
Namely, the values of t o , assuming coordination number 8 for Y 3+ ions (as well as those for coordination number 12), are decreasing with increase of iron content. Linear decrease of these values underlines a systematic increase of the deformation of perovskite structure within the studied series. In general, the octahedra in complex perovskites are deformed and tilted to enable the formation of perovskite structure. In order to estimate the overall stability of perovskite structure within the YCo 1−x Fe x O 3 series, the Global instability index (GII) was calculated, 44 taking into account bondvalence model. According to bond-valence model, the bond valence of the i th ion with respect to the j th ion, s ij , is calculated using equation
where d ij is the cation-anion bond distance; R ij is tabulated value 45 which is empirically determined for each cation-anion pair and is based on a large number of well-determined bond distances for the pair in question and B is an empirically determined universal constant with a value of 0.37. The atomic valences of i th ion V i(calc.) can be calculated as a sum of the individual bond valences (s ij ) about each ion:
The global instability index (GII), could be calculated from the equation
where d i is the discrepancy between the calculated bond valence and the theoretical oxidation number and N is the number of atoms in the asymmetric unit. The obtained values for GII could be an indicator for the presence of strain in the structures that can lead to its instability. If the structure is of no internal stress, the values of GII should be below 0.1 v.u., but in structures with lattice-induced strains, the GII values might be 0.2 or above. According to the calculated values for GII (table 3) , the complex perovskites, as well as YCoO 3 , are structures with internal stress. The reasons are very subtle, and some authors believe that the main cause is the possibility that a fraction of Co 3+ ions undergoes spin transition from low-spin to intermediate spin state. 5 As to the complex perovskites, it is evident (table 3) that the value of GII decreases with increasing of iron content.
Conclusion
The perovskites within the series YCo 1−x Fe x O 3 (x = 0, 0.33, 0.5, 0.67 and 1) were obtained by solution combustion method using urea or citric acid as a fuel. YCoO 3 was not obtained when citric acid was used as a fuel, but was obtained with very good purity and crystallinity by urea synthetic route. Iron-containing perovskites were synthesized by both fuels, but it was found that better morphology of the crystals could be obtained with citric acid. The Rietveld crystal structure determination showed that the perovskites within this series are isomorphous and crystallize in Pnma space group with Z = 4. On the basis of the relationship between the unit cell parameters in the investigated perovskites, it could be concluded that they are of O-type meaning a > c and a > b/ √ 2 > c, which pointed out that the main reason for deviation from the ideal perovskite structure is tilting of the octahedra. The calculated values for stress, strain, cell distortion and orthorhombic distortion increase with increasing iron content, which means that YFeO 3 has the most distorted unit cell in the studied series. According to the obtained distances and angles, the coordination number of Y in these perovskites is 8. The calculated deformations of the octahedra, as well as the tilting angles, showed that they increase with the increasing of Fe 3+ content. On the contrary, the calculated global instability indices (GII) show that the stability of the perovskite structure is increasing with increasing of the Fe 3+ content. In general, it could be concluded that substitution of Co 3+ with Fe 3+ leads to more distorted and tilted octahedron, which is necessary for the formation and stabilization of the perovskite structure.
